We tested the ability of stimulators to improve the release efficiency of cod (Gadus morhua) 12 and haddock (Melanogrammus aeglefinus) through the meshes of a square mesh section 13 installed in a trawl. The section was tested in three different configurations: without any 14 stimulation device, with a mechanical stimulation device, and with LED light stimulation 15 devices. We analysed and compared the behaviour of cod and haddock in all three 16 configurations based on release results and underwater recordings. Parallel to the fishing 17 trials, we carried out fall-through tests to determine the upper physical size limits for cod and 18 haddock to be able to escape through the square meshes in the section. This enabled us to 19 infer whether lack of release efficiency was due to fish behaviour or release potential of the 20 square meshes in the section. The results showed that the escape behaviour of haddock can be 21 triggered by mechanical stimulation. Contrary, cod did not react significantly to the presence 22 of mechanical stimulators. LED light stimulation had some effect on the behaviour of 23 haddock, but not on cod. . These behaviours make it particularly challenging to achieve 54 sufficient release efficiency for cod through square mesh panels, which often are inserted in 55 the upper (or side) panel(s) of the trawl. Grimaldo et al. (2009Grimaldo et al. ( , 2014 showed that the escape 56 of cod through square mesh panels placed in the codend is mainly related to the haul back 57 operation and that decompression is the stimulus that triggers the escape behaviour. 58
1992; Rosen et al. 2012 ). These behaviours make it particularly challenging to achieve 54 sufficient release efficiency for cod through square mesh panels, which often are inserted in 55 the upper (or side) panel(s) of the trawl. Grimaldo et al. (2009, 2014) showed that the escape 56 of cod through square mesh panels placed in the codend is mainly related to the haul back 57 operation and that decompression is the stimulus that triggers the escape behaviour. 58
Over the years, different stimulating devices designed to trigger fish escape behaviour 59 have been tested in different fisheries around the world with different degrees of success. 60
Glass and Wardle (1995) found that a black tunnel increased the proportion of haddock and 61 whiting escaping through a square mesh panel positioned 5-7 m in front of the codline. lights were placed at the centre of the square mesh section to scare fish towards the side 135 panels. These lights were maintained in the centre by SP5 floats. The other four lights were 136 attached to each of the selvedges of the section; they were located 20 meshes further back 137 from the first four lights to stimulate fish escapement through the square meshes (Fig. 1c) . 138
FIG. 1 139

Collection of release efficiency data and underwater recordings 140
We applied the covered-codend method to collect all fish escaping through the meshes of the 141 square mesh section (Wileman et al. 1996) . The cover (CC in Fig. 2) Modelling the size-dependent release efficiency for fish entering the square mesh section 165 Two conditions must be met for a fish entering the square mesh section of the trawl to escape 166 through one of the meshes in the section: first, the fish needs to contact the mesh and attempt 167 to pass/squeeze itself through; second, the fish attempting to pass/squeeze itself through the 168 meshes needs to be morphologically able to do so. The first condition is related to the 169 behaviour of the fish inside the square mesh section, whereas the second relates to the 170 morphology of the fish and the size selective properties of the square mesh netting. In fishing 171 gear selectivity studies involving square mesh panels this dual condition for escapement is 172 often modelled by a contact factor. This contact factor quantifies the fraction of fish making 173 contact with the netting in a way that provides the fish with a size-dependent probability of 174 being able to escape. For the fish contacting the meshes the probability that they subsequently 175 escape by passing/squeezing themselves through a mesh is quantified by a logistic size 176 selection curve. Examples for using this modelling approach for studying size selection ofD r a f t square mesh panels in trawls include Zuur et al. (2001) (2016) . A limitation of this modelling approach is that it assumes the contact probability to 179 be the same for all sizes of fish that would be able to pass/squeeze themselves through the 180 meshes. Therefore, when using this modelling approach a potential length-dependent contact 181 probability is only compensated for in the curve by the values estimated for the selection 182
parameters. This results in strong limitations on which types of size-dependent escape 183 behaviour it would be able to model. 184
In the current study in which we investigated two different species and three different 185 were considered to contribute to r(l,v) based on the procedure described by KatsanevakisD r a f t that we did not have to choose one specific model to describe the release efficiency among the 229 different candidates. The ability of the combined model to describe the experimental data was 230 assessed based on the p-value, which expresses the likelihood of obtaining at least as large a 231 discrepancy as that observed between the fitted model and the experimental data by 232 coincidence. Therefore, for the combined model to be a candidate model, the p-value should 233 not be < 0.05 (Wileman et al. 1996) . In cases with poor fit statistics (p-value < 0.05; 234 deviance >> degrees of freedom), the deviations between the experimental observed ground 235 gear efficiency points and the fitted curve were examined to determine whether the 236 discrepancy was due to structural problems in describing the experimental data with the 237 combined model or to data overdispersion. 238
Confidence intervals (CIs) for the size-dependent release efficiency were estimated 239 using a double bootstrap method (Millar 1993). The procedure accounted for uncertainty due 240 to between-haul variation (Fryer 1991) in size selection in the square mesh section by 241 selecting h hauls with replacement from the h hauls available from the pool of hauls for the 242 specific case investigated during each bootstrap repetition. Within-haul uncertainty in the size 243 structure of the catch data in the codend and in the cover, respectively, was accounted for by 244 randomly selecting fish with replacement from each of the selected hauls separately from the 245 codend and the cover, respectively. The number of fish selected from each haul was the 246 number of fish length measured in that haul in the codend and cover, respectively. One 247 thousand bootstrap repetitions were performed, and the Efron 95% CI (Efron 1982) was 248 calculated for the size selection curve. Incorporating this combined model approach in each of 249 the bootstrap repetitions enabled us to account for additional uncertainty in the release 250 efficiency curve due to uncertainty in model selection (Herrmann et al. 2017 ). The release 251 efficiency analysis was conducted using the software tool SELNET (Herrmann et al. 2012) . 252
Estimation of release size limits 253
D r a f t
To determine whether the release efficiency was limited by fish behaviour (with the fish not 254 making selectivity contact with the meshes in the square mesh section) or by the ability of the 255 meshes in the section to release those sizes of fish, we conducted fall-through experiments. 256
Fall-through experiments determine whether or not a fish can physically pass through a 257 certain rigid shape (Sistiaga et al. 2011) . These experiments were used to determine whether 258 cod and haddock of different sizes could physically pass through the meshes of the square 259 mesh section (pressed by the force of gravity). If a fish passed through the square meshes 260 without deforming the mesh or fish tissue, it was classified as "YY". If a fish passed through 261 the square meshes but deformed the mesh and/or fish tissue, it was classified as "YN". 262
Finally, if a fish could not pass through the squares meshes at all, it was classified as "NN". was carried out using the software tool SELNET (Herrmann et al. 2012 ). To quantify the 273 release size limits based on the fall-through results we calculated the size at which 95% of the 274 fish would be able to escape given they made selectivity contact (L05) and the size of fish at 275 which only 5% would be able to escape given they made selectivity contact (L95). This was 276 done based on the estimated selection parameters L50 (length of fish with 50% probability of 277 being retained) and SR (difference in length of fish with respectively 75% and 25% 278 probability of being retained) and for both selectivity with and without squeezing separately. 
Results
286
Overview of the sea trials 287
Fifty-seven hauls were carried out during the cruise, and release efficiency data were 288 collected from 28 of them: 11 hauls without any stimulation device (baseline hauls), 10 hauls 289 with mechanical stimulation, and seven hauls with LED light stimulation. Fish were not 290 measured in the hauls in which underwater video recordings and artificial lights were used, 291 and therefore they were not included in the release efficiency analyses. These hauls were used 292 solely to identify behavioural patterns of cod and haddock in trawls with the three different 293 square mesh section configurations. The tow duration during the cruise varied from 15 to 107 294 minutes, and the depth range covered varied between 46 and 410 m. The hauls that were used 295 for release efficiency analysis with their respective description of the catch are presented in 296 Table 1 . 297
TABLE 1 298
Underwater observations 299
Underwater video recordings showed very few cod attempting to escape through the meshes 300 of the square mesh section when no stimulation device was used. Most cod simply glided 301 backwards towards the codend, staying clear of the netting and not showing any sign of panic. 302
In a similar way, many haddock that would be able to escape through the meshes simply 303 D r a f t followed the clear path in the section away from the netting. Few fish showed erratic/escape 304 behaviour in their path towards the codend (Fig. 3) . 305
FIG. 3 306
When mechanical stimulators were introduced in the section (Fig. 4a) , fish did react to 307 the lines with floats and stopped in front of them (Fig. 4b) . Most of the haddock stopped in 308 front of the stimulator device. At this point most haddock started making escape attempts, and 309 those that hit the net with the right orientation and were able to physically pass through the 310 meshes escaped (Fig. 4c) . Most cod also reacted to the stimulators by stopping in front of 311 them (Fig. 4d) , and some cod actually attempted and managed to escape through the meshes 312 of the square mesh section (Fig. 4e ) However, the percentage of haddock that was observed 313 attempting to escape through the section meshes was substantially higher than that of cod. 314
Thus, the experiments with the mechanical stimulators showed that cod and haddock react 315 differently to the stimulators, as haddock seemed to react more actively to their presence. 316
FIG. 4 317
When LED light stimulation was introduced in the section, haddock showed erratic 318 behaviour when approaching the LED lights. In their attempts to avoid the light, many 319 haddock turned and swam quickly either towards the panels in the section or the codend. The 320 erratic and stressful movements of haddock resulted in many fish hitting the netting, but they 321
were not optimally oriented for escape. The few haddock that oriented themselves correctly 322 and could physically pass through the meshes escaped (Fig. 5a ). Cod did not show the same 323 dramatic escape behaviour as haddock, even though most of them stopped in front of the LED 324 lights. They mostly kept swimming in front of the lights for a while before they fell back 325 towards the codend. However, a few cod did attempt to escape (Fig 5b) . represented the fall-through data collected during the trials well (Table 2, Fig. 6 ). For free 331 passage, 95% (L05) of the haddock below 45 cm would freely be able to pass through the 332 meshes, whereas few haddock up to 51 cm would be able to do so (L95) ( Table 2, Fig. 6 ). For 333 tight passage, 95% (L05) of haddock up to approximately 51 cm would be able to pass 334 through the meshes, whereas few individuals of up to 61 cm (L95) would be able to pass 335 through. For cod with free passage, 95% (L05) all individuals below 45 cm would freely be 336 able to pass through the meshes, whereas few cod up to 58 cm would be able to do so (L95). 337
For tight passage, 95% (L05) of cod up to approximately 52 cm would be able to pass through 338 the meshes, whereas few individuals of up to 69 cm (L95) would be able to pass through 339 ( The models used to describe the size-dependent release efficiency in each of the three 345 configurations of the square mesh section used represented the data well (see the fit statistics 346 and p-values in Table 3 and Fig. 7) . Without any stimulation device in the section, the release 347 efficiency of haddock smaller than 40 cm, which is the minimum size for haddock in the 348
Barents Sea and which easily would be able to escape through the square meshes based on the 349 fall-through results, was low and decreased with increasing size. For haddock of 50 cm our fall-through results showed that 95% of the fish should be able to 358 squeeze through the square mesh section meshes. However, for the three configurations 359 tested, the release efficiency for this size of haddock never exceeded 16%, meaning that 360 haddock are reluctant to try to squeeze through the mesh (Table 3, Fig. 7) . 361
For cod at 30 cm, the release efficiency was in general much lower than that of 362 haddock. For the configurations without any stimulation device and with mechanical 363 stimulation, the release efficiency values were estimated to be around 10%, whereas the 364 release efficiency was estimated to be about 18% for the configuration with light stimulation. 365
For cod at 40 cm, the estimated release efficiencies were 4%, 8%, and 6%, respectively, for 366 the three configurations tested. Considering that 95% (L05) of all cod below 45 cm should be 367 able to pass through the meshes easily, these results demonstrate that cod are very reluctant to 368 utilize the escape opportunities through the square meshes in the section. This shows that cod 369 are passive in the section, and this seems to be a difficult behaviour to overcome using 370 stimulation (Table 3, Fig. 7) . 371 D r a f t being higher (Fig. 8c) . For cod, neither mechanical stimulation nor LED light stimulation had 380 a significant effect on escape behaviour, and the release efficiency curves showed wide CIs, 381 especially for fish below 30 cm (Fig. 8d-f) . 382 Behaviour differences between cod and haddock in the square mesh section 385
The selectivity results obtained for cod and haddock showed clear differences in the escape 386 behaviour of these two species. Direct comparison of the release efficiency curves obtained 387 for the two species show that for the same sizes of fish, the release efficiency for haddock was 388 on average higher than that for cod. These differences were significant for fish between 27 389 and 53 cm for the configuration with no stimulation device and between 25 and 45 cm for the 390 configuration with the mechanical stimulation device (Fig. 9a-b ). These differences may be 391 due to morphological differences between cod and haddock (Sistiaga et al. 2011 ). However, 392 the fall-through results show that the L05 for both free and tight passage for both species were 393 almost equal (Table 2 ). This means that the differences observed between cod and haddock 394
are not related to differences in the possibility that each species can pass through the square 395 meshes in the section. Instead, the differences are strictly associated with behavioural 396 differences between cod and haddock in the section. 397
FIG. 9 398
Comparison with existing selectivity devices in the Barents Sea fishery 399
The release efficiencies for the three configurations of the square section were compared to 400 release efficiencies previously estimated for a 55 mm Sort-V grid (Sistiaga et al. 2010 ). For 401 all configurations for undersized haddock and cod, the release efficiencies in the section were 402 significantly lower than those previously reported for the Sort-V steel grid, which is one of 403 the grid systems most commonly used in the fishery today (Fig. 10) . 404 D r a f t
FIG. 10 405
Discussion
406
For a fish to be able to escape through a size selection device installed in a trawl, the 407 individual first needs to come into contact with the device and then it needs to be able to pass 408 through the meshes in the device. The first condition depends on the physical characteristics 409 (size, compressibility, etc.) of the individual, whereas the second depends almost entirely on 410 fish behaviour. In this study, we were able to understand better these two conditions by 411 applying fall-through experiments, which established the extent to which the fish can freely 412 pass through the square meshes in the section tested and the upper size limit for the fish to 413 actually have a chance to escape through the square meshes. Thus, we were able to isolate the 414 behavioural condition from the length-dependent contact selectivity condition in the overall 415 size selection process for cod and haddock. Based on the fall-through results, 95% of the cod below 45 cm should be able to pass 437 through the square mesh section meshes without needing to compress themselves at all. 438
However, < 11% of the cod above 30 cm actually escaped through the section meshes when 439 no stimulation device was used. This means that to a large extent cod did not contact the 440 square meshes, and the majority of individuals simply drifted towards the codend following 441 the path of the trawl netting without making an escape attempt. If we consider the cod that 442 would actually be able to pass through the square meshes if they squeezed themselves 443 through, the results show that hardly any cod did actually do so. For haddock, 95% of all fish 444 up to 45 cm should be able to pass through the square meshes in the section without having to 445 compress themselves. However, most of the haddock below this size did not actually escape. 446
For example, for haddock of 30 and 40 cm, only 32% and 23%, respectively, actually escaped 447 through the meshes. The release efficiencies observed for both cod and haddock were length 448 dependent and always higher for the smaller fish, which means that the smaller fish contacted 449 and attempted to escape through the square meshes more frequently. Overall, these escape 450 rates were not satisfactory for either type of fish considering the minimum catch size for these 451 species in the Barents Sea (44 and 40 cm for cod and haddock, respectively). However, a 452 significantly higher proportion of haddock escaped through the square mesh section compared 453 to cod (Fig. 9) , which is indicative of clear behavioural differences between the two species. represents an increase of almost 50%. For haddock at 50 cm, where most fish would need to 471 compress themselves to pass through the meshes, the escape probability was 8% without 472 stimulation versus 16% with stimulation. Despite this difference, the CIs for the two cases 473 overlapped and therefore we cannot conclude that there was a difference between the two 474 cases. 475 D r a f t considerably lower number of hauls, 6, 4 and 3 hauls (Table 3 ). In principle, we could have 482 carried out the analysis including all hauls, which would only affect the estimated mean 483 release efficiency curves marginally (Fig. 7) . Contrary, it would have widened the confidence 484 bands for fish below the release limits as the bootstrap iterations would then contain some 485 samples without any fish below the release limits. However, this would imply extrapolating 486 the release efficiency curve, which is not advisable for the flexible type of models used and 487
represented by equations (2) and (3). Although limiting the number of hauls in the analysis 488 meant using fewer hauls than often applied for such assessment, we considered this as the 489 most correct approach. 490
The data suggest that LED light stimulation may improve the escape probability for 491 smaller sizes of haddock. However, due to the wide CIs in the models, the results obtained are 492 rather inconclusive. For the larger sizes of haddock, LED light stimulation seemed to have 493 little or a negative effect on escapement. For fish of 40 cm, which could actually escape 494 without squeezing themselves through the meshes, the escapement percentage was the same 495 as without stimulation (23%). For haddock of 50 cm, on the other hand, the escape percentage 496 when using LED light stimulation decreased from 8% to 2%, although this difference was not 497 statistically significant. For cod, LED light stimulation resulted in a minimal improvement in 498 escape percentage of 2% for fish of 40 cm and of 1% for fish of 50 cm. These marginal 499 differences were not statistically significant and demonstrate that LED light stimulation had 500 little effect in the escape behaviour of cod. The underwater recordings showed that contrary to 501 cod, haddock reacted strongly to LED light and suffered a panic reaction that made them 502 contact the netting often. However, the panicked reaction seemed to make haddock unable to 503 orientate themselves optimally to escape, as the observed escapement rates were low. With 504 increasing size, the quality of the contact decreases and the dependence on a more controlled 505 and well orientated escape attempt increases. In contrast, smaller fish do not depend on 506 orientating themselves optimally to be able to escape through the square meshes in theD r a f t section. Thus, there may be a size difference in the escape probability changes achieved by 508 the use of LED light, with improvement observed for smaller fish, but the results are 509 inconclusive because the CIs of the no stimulation and LED light stimulation cases overlap. 510 LED light stimulation also seemed to have a positive influence on escapement of small cod, 511 but the results were inconclusive due to the width of the CIs. 512
In this study, we documented the effect of one particular green LED light (approx. 50 513 lux) on cod and haddock behaviour. The green colour is part of the short wavelength of the 514 light spectrum and therefore is less absorbed by sea water (penetrates deeper) than long 515 wavelength colours (i.e., red, yellow, or orange). The effect of other colours on the behaviour 516 of cod and haddock is likely to differ from those estimated in this study. Many explanations 517 have been offered to explain why fish respond to light, including conditioned responses to 518 light gradients, curiosity, social behaviour, phototaxis, optimum light intensity for feeding, 519
and disorientation and immobilization due to high light levels (Arimoto et al. 2011). 520
According to Marchesan et al. (2005) , the functional explanation for response to light, 521 whether it is repulsion or attraction, depend on species, ontogenetic development, ecological 522 factors, and physical characteristics of the light source (intensity and wavelength). LED light 523 potentially can be used to improve size and species selectivity in trawls, but the position, 524 number, colour, and luminous flux of the lights should be carefully studied. There is 525 considerable potential for artificial light to be used constructively in the development of more 526 efficient and responsible fishing methods. 527
In the Barents Sea gadoid fishery, Grimaldo et al. (2014) reported that additional stimuli are needed to improve fish escapement in non-tapered 532 netting sections. In the absence of these stimuli, fish passively fall back through the sectionD r a f t without seeking escape through the selection device. In the current study, we detected 534 significant differences in the escapement rates of haddock when mechanical stimulation was 535 applied. However, the contact of cod and haddock with the netting in the section and the 536 escapement rates obtained even when the stimulators were used were not satisfactory. The 537 release efficiency obtained with the square mesh section was considerably lower than that 538 estimated previously for a mandatory sorting grid (Sistiaga et al. 2010 ). This result shows that 539 the design of the section as it was used in this study does not represent a real alternative to the 540 compulsory grids currently in use. However, the behavioural results obtained in this study 541
show that haddock react to different types of stimulation and that there is great potential for 542 improving the design of square mesh sections. D r a f t 
